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The	  Physics	  
Proper4es	  of	  the	  QGP	  
•  Coupling	  Strength	  	  
•  Temperature	  dependence	  
•  Different	  length	  scales	  	  
•  Evolu?on	  of	  parton	  virtuality	  

Scientific Objective and Performance

which the temperature decreases as the QGP expands. Determination of the temperature
dependence of the properties of the QGP is expected to come from calculations that describe
simultaneously all observables measured at both energies. Typically, all the non-scaling
behavior is found near the transition. It is therefore crucial to perform measurements near
the phase transition and compare with results from experiments done farther above Tc.

These measurements at RHIC will provide information complementary to those at the LHC.
The measurement of jets over the broadest possible energy scale is key to investigating the
potential quasi-particle nature of the QGP. Jets at the LHC reach the highest energies, the
largest initial virtualities, and large total energy loss to probe the shortest distance scales.
The lower underlying event activity at RHIC will allow extension of jet measurements to
lower energies and lower initial virtualities than at LHC, thus probing the important longer
distance scales in the medium. Figure 1.1 (left), which will be discussed in more detail in
Section 1.4, displays as a function of temperature the expected evolution of virtuality in
vacuum, from medium contributions, and combined for a QGP. Figure 1.1 (right) shows a
scenario for what may be resolved in the QGP by probing at the length scales indicated
by the magnifying glasses on the left. In addition to the investigation of jets, precision
measurements of the three Upsilon states will allow further insight and understanding of
the behavior on different distance scales.

Figure 1.1: Virtuality evolution as a function of temperature as represented (left) by the
resolution of jet probes at the LHC (blue curves) and at RHIC (red curves). The potential
range of influence of the QGP that is being investigated is represented by the bolder curves
for each case. The magnified views are meant to represent pQCD scattering from bare quarks
and gluons in the medium (green), scattering from thermal gluons (yellow), and a final
state integration over all possible objects probed in the medium (orange). (right) Graphical
depiction of the objects being probed at the various resolutions on the left.

In this Chapter we start by presenting our current understanding of the role of the coupling
strength in the QGP, how it can be probed at different length scales, the temperature
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The Temperature Dependence of the QGP Scientific Objective and Performance

underlying coupling of the matter, but in distinct ways. Establishing for example the
behavior of q̂ around the critical temperature is therefore essential to a deep understanding
of the QGP. Hydrodynamic modeling may eventually constrain h/s(T) very precisely,
though it will not provide an answer to the question of the microscopic origin of the strong
coupling (something naturally available with jet probes).

Since the expected scaling of q̂ with temperature is such a strong function of temperature,
jet quenching measurements should be dominated by the earliest times and highest
temperatures. In order to have sensitivity to temperatures around 1–2 Tc, measurements at
RHIC are needed in contrast to the LHC where larger initial temperatures are produced,
as depicted graphically in Figure 1.1. In addition, the ability of RHIC to provide high
luminosity heavy-ion collisions at a variety of center of mass energies can be exploited to
probe the detailed temperature dependence of quenching right in the vicinity of Tc.

Theoretical developments constrained simultaneously by data from RHIC and the LHC
have been important in discriminating against some models with very large q̂, see Ref. [26]
and theory references therein. Models such as PQM and ASW with very large values of q̂
have been ruled out by the combined constraint. Shown in the left panel of Figure 1.5 is a
recent compilation of four theoretical calculations with a directly comparable extraction
of q̂. It is notable that a number of calculations favor an increased coupling strength
near the transition temperature. Developments on the theory and experimental fronts
have significantly narrowed the range of q̂[27]. This theoretical progress lends credence
to the case that the tools will be available on the same time scale as sPHENIX data to
have precision determinations of q̂ and then ask deeper additional questions about the
quark-gluon plasma and its underlying properties.
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FIG. 2: (Color online) The (a) RAA(pT ) and (b) v2(pT ) of inclusive neutral pions (�0
) and charged particles (h±

) in Au+Aup
sNN = 200 GeV and Pb+Pb

p
sNN = 2.76 TeV collisions, computed from CUJET3.0 with the impact parameter b = 7.5 fm,

compared with corresponding data from ALICE, ATLAS, CMS, PHENIX and STAR [4–12]. With (c, cm) = (1.05, 0.3), the

results of CUJET3.0 agree with both RAA and v2 at both RHIC and LHC simultaneously. Also shown are CUJET3.0 (b = 7.5
fm) predictions of RAA(pT ) and v2(pT ) for open heavy flavors (D meson, red; B meson, green) at LHC semi-peripheral Pb+Pbp

sNN = 2.76 TeV collisions. D meson results at pT < 20 GeV/c are consistent with ALICE data of both RAA and v2 [13, 14],

while B meson RAA results at 6.5 < pT < 30 GeV/c are consistent with non-prompt J/� at CMS [15].

dNh/dypT dpT d� is the di↵erential yield of hadrons of
species h with rapidity y, transverse momentum pT and
azimuthal angle �. We focus on the 2nd moment v2.

Fig. 2 shows the pT dependent RAA and v2 in the
mid-rapidity y = 0 region computed from CUJET3.0
with (c, cm) = (1.05, 0.3) and impact parameter b = 7.5
fm, for inclusive neutral pions (�0) and charged parti-
cles (h±) in Au+Au

p
sNN = 200 GeV and Pb+Pbp

sNN = 2.76 TeV semi-peripheral collisions, compared
with corresponding data at RHIC and LHC. Evidently,
both observables at both collision energies are simultane-
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FIG. 3: (Color online) Temperature dependence of scaled jet

transport coe�cient q̂/T 3
(a) and the absolute q̂ (b) for an ini-

tial quark jet with energy E = 2, 10, 50 GeV computed from

CUJET3.0 (pQCD + monopoles) with (c, cm) = (1.05, 0.3)

using the two schemes in Eq. (16), compared with the extrac-

tion from CUJET2.0 [33] with (�max, fE , fM ) = (0.39, 1, 0)

(HTL pQCD, c.f. JET Collaboration [26]), and the AdS/CFT

results (q̂ � 26.69

p
�NcT

3
[73]). Note CUJET2.0 model fits

RAA but not v2.

ously described very well by CUJET3.0 results.
The current CUJET3.0 model can be further tested

with future measurements. For this purpose we provide
the predictions of RAA(pT ) and v2(pT ) for D and B me-
son at LHC semi-peripheral Pb+Pb

p
sNN = 2.76 TeV

collisions, also shown in Fig. 2. Our D meson results at
pT < 20 GeV are consistent with ALICE data of RAA and
v2 simultaneously [13, 14]. The intersection of LHC RB

AA

and Rh±

AA at pT ⇡ 30 GeV/c observed in CUJET2.0 [33]
remains robust after adding e↵ects from monopoles. And
for v2 in the pT range of 10-20 GeV/c, CUJET3.0 predicts
that the azimuthal anisotropy of B meson is significantly
lower than both charged particles and D mesons.

Finally we address the T-dependence of jet transport
coe�cient q̂ which in CUJET3.0 is parametrized as:

q̂F =

Z 6ET

0

dq2 2�q2

(q2 + f2
Eµ2)(q2 + f2

Mµ2)
�(T )

⇥ �
(Cqqfq + Cqgfg)↵

2
s(q

2) + Cqm(1 � fq � fg)
�
(12)

where fq,g is the fraction of quasi-parton density of quark
or gluon type parametrized using two di↵erent schemes
as in Eq. (16). And

Cqq =
4

9
, Cgg = Cmm =

9

4
,

Cqg = Cgq = Cqm = Cmq = 1 . (13)

The total number density �(T ) is converted from the
pressure p(T ) in s95p-PCE EOS using

�(T ) =
p(T )

T

�(3)(16 + 9Nf )

�4(16 + 10.5Nf )
. (14)

This �(T ) is equivalent to the n(T (z)) in Eq. (1), which
is used for CUJET3.0 computations. Fig. 3 shows

Figure 1.5: Calculations of q̂/T3 vs temperature, constrained by RHIC and LHC RAA data —
including near TC enhancement scenarios of q̂/T3. (left) Calculations from four jet quenching
frameworks constrained by RHIC and LHC RAA data with results for q̂/T3 as a function of
temperature. Details of the calculation are given in Ref. [27]. (right) Results from calculations
within CUJET 3.0 with magnetic monopole excitations that result in enhanced coupling near
Tc. Plotted are the constraints on q̂/T3 as a function of temperature as shown in Ref. [28]
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which the temperature decreases as the QGP expands. Determination of the temperature
dependence of the properties of the QGP is expected to come from calculations that describe
simultaneously all observables measured at both energies. Typically, all the non-scaling
behavior is found near the transition. It is therefore crucial to perform measurements near
the phase transition and compare with results from experiments done farther above Tc.

These measurements at RHIC will provide information complementary to those at the LHC.
The measurement of jets over the broadest possible energy scale is key to investigating the
potential quasi-particle nature of the QGP. Jets at the LHC reach the highest energies, the
largest initial virtualities, and large total energy loss to probe the shortest distance scales.
The lower underlying event activity at RHIC will allow extension of jet measurements to
lower energies and lower initial virtualities than at LHC, thus probing the important longer
distance scales in the medium. Figure 1.1 (left), which will be discussed in more detail in
Section 1.4, displays as a function of temperature the expected evolution of virtuality in
vacuum, from medium contributions, and combined for a QGP. Figure 1.1 (right) shows a
scenario for what may be resolved in the QGP by probing at the length scales indicated
by the magnifying glasses on the left. In addition to the investigation of jets, precision
measurements of the three Upsilon states will allow further insight and understanding of
the behavior on different distance scales.

Figure 1.1: Virtuality evolution as a function of temperature as represented (left) by the
resolution of jet probes at the LHC (blue curves) and at RHIC (red curves). The potential
range of influence of the QGP that is being investigated is represented by the bolder curves
for each case. The magnified views are meant to represent pQCD scattering from bare quarks
and gluons in the medium (green), scattering from thermal gluons (yellow), and a final
state integration over all possible objects probed in the medium (orange). (right) Graphical
depiction of the objects being probed at the various resolutions on the left.

In this Chapter we start by presenting our current understanding of the role of the coupling
strength in the QGP, how it can be probed at different length scales, the temperature
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The	  Probes	  

•  Jets	  and	  Upsilons	  Scientific Objective and Performance Quarkonia in the QGP
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Figure 1.16: Temperature as a function of time for the central cell in Au+Au and Al+Al
collisions at 200 GeV and Pb+Pb collisions at 2.76 TeV from hydrodynamic simulations that
include earlier pre-equilibrium dynamics and post hadronic cascade [104]. Superimposed
are the lattice expected dissociation temperatures with uncertainties for the three upsilon
states.

expect this to effectively remove at RHIC any contributions from coalescence of bottom
quarks from different hard processes, making the upsilon suppression at RHIC dependent
primarily on color screening and CNM effects. This seems to be supported by recent
theoretical calculations [105] where, in the favored scenario, coalescence for the upsilon is
predicted to be significant at the LHC and small at RHIC.

Finally, it is of interest at RHIC energy to directly compare the modifications of the J/y and
the U(2S) states as a way of constraining the effects of coalescence by studying two states -
in the same temperature environment - that have very similar binding energies and radii,
but quite different underlying heavy quark populations.

An example theoretical calculation for both RHIC and the LHC is shown in Figure 1.17
indicating the need for substantially improved precision and separation of states in the
temperature range probed at RHIC.

STAR has constructed a Muon Telescope Detector (MTD) to measure muons at midra-
pidity [106]. The MTD has coverage over |h| < 0.5, with about 45% effective azimuthal
coverage. The MTD will have a muon to pion enhancement factor of 50–100, and the mass
resolution will provide a clean separation of the U(1S) from the U(2S+3S), and likely the
ability to separate the U(2S) and U(3S) by fitting. While STAR has already taken data in
the 2014 run with the MTD installed, the upgrade to sPHENIX will provide better mass
resolution and approximately 10 times higher yields per run for upsilon measurements as

23

Scientific Objective and Performance Jet Rates and Physics Reach

Figure 1.23: Anticipated range in pT of various hard probe measurements using sPHENIX
at RHIC (red) and measurements made at the LHC (blue). The color strip across the top
corresponds to the regions presented initially in Figure 1.1 (left) for scattering in the medium
from bare quarks and gluons (green), from thermal gluons (yellow), and integration over all
possible objects that are probed (orange).
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The	  Measurements	  
•  Upsilon	  states	  
•  Quarkonia	  
•  Heavy	  flavor	  jets	  
•  Aj	  
•  Jet	  shapes	  
•  Fragmenta?on	  func?ons	  
•  Direct	  photons	  
•  Constraining	  theory	  
•  p-‐A	  
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Discussion	  of	  the	  Morning	  Talks	  



Future	  of	  RHIC	  

•  Making	  the	  physics	  case	  for	  extended	  running	  
•  Compelling	  physics	  for	  fsPHENIX	  
–  Spin	  physics	  at	  mid-‐rapidity?	  

•  Upgrade	  capabili?es	  for	  ePHENIX	  

6	  

Completing the RHIC science mission

Status:  RHIC-II configuration is complete 

• Vertex detectors in STAR (HFT) and PHENIX 

• Luminosity reaches 25x design luminosity  

Plan: Complete the RHIC mission in 3 campaigns: 

! 2014–17: Heavy flavor probes of the QGP using the 
micro-vertex detectors; Transverse spin physics 

! 2018: Install low energy e-cooling (LEReC) 

! 2019/20: High precision scan of the QCD phase 
diagram & search for critical point 

! 2021: Install sPHENIX 

! 2022–23: Probe QGP with precision measurements 
of  jet quenching and Upsilon suppression 

! Transition to eRHIC ?

6

STAR HFT

sPHENIX

LEReC

Challenges for sPHENIX
! Keep maturing the science case 

• JET Collaboration is over 
• There is no Quarkonium Collaboration 
• Keep the theorists engaged and preparing for the data 

! Optimizing the detector design 
• Tracking 
• Calorimetry 
• Magnet flux return 
• Requires many simulations and openness to alternatives 

! Broadening the community 
• Reach out to the STAR community 
• Keep developing the case for cold QCD measurements 
• Establish liaison to EIC community 

! Perseverance 
• Tough choices and hard times are just around the corner!
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What	  a	  theorist	  
wants	  to	  see	  
with	  sPHENIX	  

7	  

6

In'general,'2'kinds'of'transport'coefficients

Type 1: which quantify how the medium changes the jet

Type 2: which quantify the space-time structure of the  
          deposited energy momentum at the hydro scale

q̂(E,Q2) q̂4(E,Q2) =
hp4T i � hp2T i2

L
. . .

ê4(E,Q2) =
h�E4i � h�E2i2

L
. . .ê2(E,Q2) =

h�E2i
L

ê(E,Q2)

�Tµ⌫ —> Summary
• Jets'are'a'window'to'both'static'and'dynamic'properties'of'the'QGP'

• These'are'revealed'through'type'1'and'type'2'transport'coefficients'

• The'effect'of'Type'2'depends'on'the'magnitude'of'type'1'

• Hadronization'in'the'presence'of'a'medium'complicates'all'
phenomena'

• S6PHENIX'will'allow'for'wide'range'of'kinematics'at'lower'
temperatures'close'to'the'phase'transition'

• In'order'to'extract'the'maximal'amount'of'information'from'S6
PHENIX'and'LHC'program,'next'gen.'MCs'need'to'be'in'place.'

Abhijit	  Majumder	  

What	  should	  we	  measure?	  
	  Leading	  hadrons	  
	  Reconstructed	  jets	  
	  Near	  and	  away-‐side	  
	  Jet	  shapes	  	  

Higher	  Order	  Coefficients?	  



Studying	  
Cold	  QCD	  

with	  Hadron	  
Colliders	  

	  

8	  QCD interactions 
• QCD interactions themselves                  

increasingly an explicit focus, e.g. 
 
– Parton energy loss traversing cold                           

or hot QCD matter 
– Hadronization, in various environments 
– Quantum phase interference and phase shifts 
– Predicted color entanglement of partons across 

colliding protons  
• For hadronic final states sensitive to nonperturbative 

transverse momentum 
 

 
 

C. Aidala, sPHENIX Mtg., 12/11/15 10 “Cold” QCD physics areas of focus 
(Many are linked to one another!) 

• Diffraction 
• Partonic structure of nuclei/nuclear pdfs 
• Low-x/Saturation 
• Spin-momentum correlations, interference effects and their 

process dependence 
• Hadronization in different environments 

 
• At RHIC: focus on measurements in support of or 

complementary to future EIC physics program 
– Unique color interactions 
– Early measurements to gauge scale of effects/observables to be 

studied in depth at EIC 
– Draw larger community into physics and observables of EIC 

C. Aidala, sPHENIX Mtg., 12/11/15 17 

Generic detector requirements 

• Coverage approximately 1<η<4 
• Calorimetry (EM and HCal) 
• Tracking 
• Roman pots 
• Hadron PID for hadronization measurements 

 
• (Nearly all) new investments should be 

potentially reusable for eRHIC 

C. Aidala, sPHENIX Mtg., 12/11/15 33 



Flux return  
at 3.3m 
(30 cm iron) 

sPHENIX	  +	  fsPHENIX	  −>	  ePHENIX	  

9	  

Ø  Make	  sure	  s(f)PHENIX	  concept	  is	  consistent	  with	  ePHENIX	  plans	  	  
Ø  fsPHENIX	  =	  sPHENIX	  +	  

PHENIX	  reconfigured:	  forward	  Si	  tracker,	  Muon	  ID	  (and	  EMCal?)	  
EIC	  Detector	  forward	  systems:	  GEMs	  and	  HCal	  
90%	  of	  the	  cost	  common	  with	  EIC	  detector	  

GEMs	  
p/A	   e-‐	  

HCal	  

HCal	  

EMCal	  

RICH	  

HCal	  EMCal	  
DIRC	  

EMcal	   TPC	   BBC	  

η	  =	  1.1	  

η	  =	  4	  

η	  =	  -‐1.2	  

η	  =	  1.15	  
η	  =	  1.2	  

η	  =	  1.45	  

‘ePHENIX’ In current sPHENIX design:  
Plug door (flux return) at 3.3m 

Could we move EMCal towards IR? 

Will 20-30cm of iron deteriorate 
HCal measurements? 

Don’t see principle limitations, but 
need simultion   
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